A[dhesion]{.smallcaps} molecules play an essential role in the organization of cells into tissues during embryonic development as well as in the adult. They not only maintain tissue structure and polarity but are also involved in the regulation of cell proliferation, migration, and differentiation. Intercellular adherens junctions, desmosomes, and tight junctions are the three major types of adhesive connections between cells (for review see [Gumbiner 1996](#Gumbiner1996){ref-type="bib"}). Classic cadherin molecules found in adherens junctions are transmembrane homophilic adhesion receptors that indirectly associate with the actin cytoskeleton by interacting with catenins. The desmosomal adhesion molecules, called desmogleins and desmocollins, also belong to the cadherin superfamily, but in contrast to adherens junctions, desmosomes are linked to the intermediate filament network. Finally, tight junctions containing occludins and the cytoplasmic plaque proteins zonula occluden (ZO)-1 and ZO-2, create a selective permeability barrier and establish epithelial cell polarity ([Gumbiner 1996](#Gumbiner1996){ref-type="bib"}).

Cells also form adhesive contacts with proteins in the surrounding extracellular matrix (ECM) via different types of proteins, mostly of the integrin family. Integrins are heterodimeric transmembrane receptors, formed by the noncovalent association of an α and a β subunit. 18 α and 8 β subunits have been identified so far, giving rise to a family of \>20 different dimers. Dimers containing the β1 integrin subunit constitute the most abundantly expressed integrin subfamily. Antibody inhibition studies and disruption of the β1 subunit gene by homologous recombination have demonstrated the critical role of β1 integrins in development, cell differentiation, migration, and the assembly of the ECM proteins (for reviews see [Brakebusch et al. 1997](#Brakebuschetal1997){ref-type="bib"}; [Sakai et al. 1998](#Sakaietal1998){ref-type="bib"}). Four alternative cytoplasmic variants, β1A--D, of the β1 subunit have been described (for review see [de Melker and Sonnenberg 1999](#deMelkerandSonnenberg1999){ref-type="bib"}). Whereas β1A is ubiquitously expressed, the β1D isoform is muscle-specific ([van der Flier et al. 1995](#vanderFlieretal1995){ref-type="bib"}; [Zhidkova et al. 1995](#Zhidkovaetal1995){ref-type="bib"}). In nonmuscle cells, transfected β1D was found to be localized in focal contacts and to activate both focal adhesion kinase and mitogen-activated protein kinase, similarly to β1A ([Belkin et al. 1996](#Belkinetal1996){ref-type="bib"}). However, we have shown recently that β1A and β1D are not functionally equivalent during embryonic development or in adult tissues ([Baudoin et al. 1998](#Baudoinetal1998){ref-type="bib"}).

Adhesive interactions between different cells or between a cell and the surrounding ECM can be either stable or dynamic. An example are the epithelium-mesenchyme transitions (EMT), which occur during specific stages of embryonic development but also under certain pathological conditions. EMT are morphogenetic events characterized by the loss of epithelial polarity, the disruption of intercellular adhesions, and the acquisition of a migratory, mesenchymal cell phenotype. Previous studies have indicated a role for integrins in the downregulation of cadherin activity during neural crest cell EMT ([Monier-Gavelle and Duband 1997](#Monier-GavelleandDuband1997){ref-type="bib"}) and in the loss of epithelial polarity in breast tumor cells ([Weaver et al. 1997](#Weaveretal1997){ref-type="bib"}; [Faraldo et al. 1998](#Faraldoetal1998){ref-type="bib"}), suggesting the existence of cross-talk mechanisms between different types of adhesion molecules.

Small GTPases of the Rho family are regulators of the actin cytoskeleton ([Mackay and Hall 1998](#MackayandHall1998){ref-type="bib"}). Microinjection of RhoA, Rac1, or Cdc42 in fibroblasts triggers the formation of stress fibers, lamellipodia, or filopodia, respectively ([Ridley and Hall 1992](#RidleyandHall1992){ref-type="bib"}; [Ridley et al. 1992](#Ridleyetal1992){ref-type="bib"}). Recent studies have implicated Rho-like GTPases in the regulation of cadherin-mediated adhesion and in epithelial cell motility. Dominant negative Rac blocks lamellipodia formation induced by hepatocyte growth factor in MDCK cells ([Ridley et al. 1995](#Ridleyetal1995){ref-type="bib"}), and constitutively active Rac and Cdc42 stimulate the motility of mammary carcinoma cells ([Keely et al. 1997](#Keelyetal1997){ref-type="bib"}). In addition, activation of phospha-tidylinositol3 kinase by the α6β4 integrin stimulates Rac-dependent migration of colon carcinoma cells ([Shaw et al. 1997](#Shawetal1997){ref-type="bib"}). In contrast, other studies have suggested a role for small GTPases in the establishment and maintenance of epithelial intercellular adhesions ([Braga et al. 1997](#Bragaetal1997){ref-type="bib"}; [Hordijk et al. 1997](#Hordijketal1997){ref-type="bib"}; [Takaishi et al. 1997](#Takaishietal1997){ref-type="bib"}; [Zhong et al. 1997](#Zhongetal1997){ref-type="bib"}). Recently, Tiam1-Rac signaling has been shown to promote either cell--cell adhesion or the migration of epithelial cells in a matrix-dependent manner ([Sander et al. 1998](#Sanderetal1998){ref-type="bib"}), suggesting that integrin-mediated adhesion plays a role in the control of intercellular adhesions through the regulation of Rho-like GTPases. Studies using dominant negative or constitutively active mutants of Rho-like GTPases have suggested a role of integrins in the regulation of Rho, Rac, and Cdc42 activity ([Chong et al. 1994](#Chongetal1994){ref-type="bib"}; [Renshaw et al. 1996](#Renshawetal1996){ref-type="bib"}; [Schwartz et al. 1996](#Schwartzetal1996){ref-type="bib"}; [Barry et al. 1997](#Barryetal1997){ref-type="bib"}; [Clark et al. 1998](#Clarketal1998){ref-type="bib"}). In addition, cell adhesion activates p21-activated kinase (PAK), a downstream effector of Rac and Cdc42 ([Price et al. 1998](#Priceetal1998){ref-type="bib"}). Finally, Ren and co-workers have recently demonstrated the regulation of Rho by cell adhesion in fibroblasts, using an assay to detect GTP-bound Rho ([Ren et al. 1999](#Renetal1999){ref-type="bib"}).

In this study, we have used two β1-deficient cell lines, an epithelial cell line, GE11, which we isolated for this study, and the previously described fibroblast-like GD25 cell line ([Fässler et al. 1995](#N0x2990500N0x2e36130){ref-type="bib"}) to study the functional relationship between integrins, cadherins, and Rho-like GTPases. Expression of either of the splice variants, β1A or β1D, in these two cell lines induced the disruption of intercellular adhesions and cell scattering. This was accompanied by a decrease of cadherins and α-catenin protein levels as well as their redistribution from the cytoskeleton-associated fraction to the soluble fraction. Overexpression of α-catenin inhibited the disruption of cell--cell adhesions by β1 in GE11 cells and prevented cells from scattering. We also found that expression of β1 integrins in GE11 and GD25 cells resulted in the activation of both RhoA and Rac1. Experiments performed with dominant negative or active mutants showed that both RhoA and Rac1 were required but not sufficient for the phenotypic conversion induced by β1 integrins.

Materials and Methods
=====================

Antibodies and Adhesive Ligands
-------------------------------

The mouse anti-α3A and anti-α3B antibodies (29A3 and 54B3; [de Melker et al. 1997](#deMelkeretal1997){ref-type="bib"}) and the rat anti-α6 antibody (GoH3; [Sonnenberg et al. 1987](#Sonnenbergetal1987){ref-type="bib"}) have been described previously. The rabbit polyclonal antisera to synthetic peptides derived from the cytoplasmic domain of the α1, α2, and αv integrin subunits ([Defilippi et al. 1991](#Defilippietal1991){ref-type="bib"}; [Hirsch et al. 1994](#Hirschetal1994){ref-type="bib"}) were kindly provided by Dr. G. Tarone (Universita di Torino, Torino, Italy). The rat anti-α5 antibody (MBA5; [Fehlner-Gardiner et al. 1996](#Fehlner-Gardineretal1996){ref-type="bib"}) was the generous gift of Dr. B.M. Chan (J.P. Robarts Research Institute, London, Ontario, Canada). The rabbit polyclonal antibody recognizing β5 ([Kemperman et al. 1997](#Kempermanetal1997){ref-type="bib"}) was kindly supplied by Dr. E. Roos (The Netherlands Cancer Institute, Amsterdam, The Netherlands). The rabbit polyclonal antibody against the cytoplasmic domain of β1A (U19) was a kind gift of Dr. U. Mayer (Max Planck Institute for Biochemistry, Martinsried, Germany). The mouse anti--human β1 (TS2/16) and the mouse anti--human β1 (K20) antibodies were obtained from the ATCC and Biomeda, respectively. The hamster anti-β3 and the rat anti-α4 antibodies were purchased from PharMingen. The mouse mAb against vinculin (VIIF9; [Glukhova et al. 1990](#Glukhovaetal1990){ref-type="bib"}), rabbit anti-vinculin ([Geiger 1979](#Geiger1979){ref-type="bib"}), anti-keratin 8 (TROMA-1; [Brulet et al. 1980](#Bruletetal1980){ref-type="bib"}), and the anti-desmoplakin (11-5F; [Parrish et al. 1987](#Parrishetal1987){ref-type="bib"}), and the anti--NCAM-1 ([Moolenaar et al. 1990](#Moolenaaretal1990){ref-type="bib"}) antibodies were kindly provided by Dr. M. Glukhova (Institut Curie, Paris, France), Dr. B. Geiger (The Weissmann Institute of Science, Rehovot, Israel), Dr. R. Kemler (Max Planck Institute for Immunobiology, Freiburg, Germany), Dr. D. Garrod (University of Manchester, Manchester, U.K.), and Dr. R. Michalides (The Netherlands Cancer Institute, Amsterdam, The Netherlands), respectively. The mouse anti--interleukin-2 receptor (IL2Rα) (TB30) was a gift of Dr. R. van Lier (Central Laboratory of the Netherlands Red Cross Blood Transfusion Service, Amsterdam, The Netherlands). The rabbit anti--pan-cadherin, the rabbit anti--α-catenin, and the mouse antitalin (8D4) antibodies and rhodamine-labeled phalloidin were obtained from Sigma Chemical Co. The mouse anti--β-catenin and mouse anti--γ-catenin antibodies were purchased from Transduction Laboratories, and the rabbit anti--ZO-1 and the rabbit anti-occludin antibodies were from Zymed. The monoclonal 9E10 antibody against the myc-epitope tag was purchased from Oncogene Research Products. Mouse anti-RhoA (26C4) and rabbit anti-Cdc42 antibodies were obtained from Santa Cruz Biotechnology, and mouse anti-Rac1 antibody from Transduction Laboratories. Secondary antibodies used were: FITC-conjugated goat anti--mouse antibody (Jackson ImmunoResearch Laboratories), Texas red--conjugated goat anti--mouse and anti--rabbit antibodies (Molecular Probes), FITC-conjugated rabbit anti--hamster antibody (Nordic Immunological Laboratories), and FITC-conjugated goat anti--rabbit antibody (Zymed). Fibronectin was purchased from Sigma Chemical Co., and laminin-1 from Collaborative Biomedical Products.

GD 25 Cells and the Establishment of GE11 Cells
-----------------------------------------------

The previously described fibroblast-like GD25 cell line ([Fässler et al. 1995](#N0x2990500N0x2e36130){ref-type="bib"}) was obtained by in vitro differentiation and immortalization of β1-knockout embryonic stem (ES) cells. For the establishment of epithelial-like GE11 cells, β1-null ES cells were grown, injected into blastocysts, and transferred into foster mice as reported earlier ([Fässler and Meyer 1995](#N0x2990500N0x2e360d0){ref-type="bib"}). Pregnant females were killed at around embryonic day 10.5 and β1-null chimeric embryos removed and subsequently freed of membranes. After incubating embryos in trypsin/EDTA, they were broken up by pipetting embryos repeatedly using pasteur pipettes. Cells were plated on gelatin-coated tissue culture dishes overnight, infected with SV-40 large T transducing retrovirus ([Fässler et al. 1995](#N0x2990500N0x2e36130){ref-type="bib"}) for 1 h at 37°C, and immediately selected at high concentration of G418 (1 mg/ml). After 2 more days in mass culture, cells were trypsinized, counted, and distributed over 96-well plates and cultured in selection medium. 10 96-well plates were prepared with 3 cells/well, 10 plates with 6 cells/well, and 10 plates with 12 cells/well. Cells in these 96 wells were cultured in the presence of G418. After 3 wk in culture, 14 wells contained polarized cells which had formed small colonies (GE1--GE14). They were trypsinized and expanded. Whereas 13 clones stopped growing during the expansion period, one clone (GE11) continued to grow and was clearly polarized. Although all cells of clone GE11 showed a uniform morphology, cells were recloned by limiting dilution using 96-well plates (15 cells/plate). 12 clones were isolated and analyzed immunohistochemically for β1 integrins and histochemically for lacZ expression. All clones lacked β1 integrins on the surface and stained strongly for lacZ in their cytoplasm, suggesting that GE11 cells were clonal even before the limiting dilution experiment.

Generation of Retroviral Expression Constructs
----------------------------------------------

A cDNA encoding full-length human β1A (nucleotides −17--3096; [Argraves et al. 1987](#Argravesetal1987){ref-type="bib"}) was obtained by screening an human λ-phage keratinocyte library with two β1 oligonucleotide probes (nucleotides −8--25 and nucleotides 2357--2389) and subsequently cloned into pUC18. A Kozak consensus sequence was introduced by PCR, and the Kozak-containing human β1A cDNA was then ligated into the retroviral LZRS-IRES-zeo expression vector, a modified LZRS retroviral vector conferring resistance to zeocin ([Kinsella and Nolan 1996](#KinsellaandNolan1996){ref-type="bib"}; [van Leeuwen et al. 1997](#vanLeeuwenetal1997){ref-type="bib"}). Full-length β1D was obtained by exchanging the sequence encoding the cytoplasmic domain of β1A by a β1D reverse trancription PCR product ([van der Flier et al. 1995](#vanderFlieretal1995){ref-type="bib"}) in the LZRS-IRES-zeo retroviral vector. The IL2Rα encoding sequence of the pCMV-IL2R vector ([LaFlamme et al. 1992](#LaFlammeetal1992){ref-type="bib"}), which was kindly provided by Dr. K. Yamada (National Institutes of Health, Bethesda, MD), was cloned into the retroviral LZRS-IRES-zeo vector. The IL2R-β1A chimeric construct was obtained by cloning the β1A cytoplasmic cDNA into the LZRS-IL2Rα-IRES-zeo vector.

Myc epitope-tagged dominant negative N17Cdc42, N17Rac1, N19RhoA, and dominant active V12Cdc42, V14RhoA, and V12Rac1 were cloned in the LZRS-IRES-zeo vector ([van Leeuwen et al. 1997](#vanLeeuwenetal1997){ref-type="bib"}; [Stam et al. 1998](#Stametal1998){ref-type="bib"}). The mouse α(E)-catenin cDNA ([Herrenknecht et al. 1991](#Herrenknechtetal1991){ref-type="bib"}) was kindly provided by Dr. R. Kemler (Max Planck Institute for Immunobiology, Freiburg, Germany) and was cloned in the same vector.

Retroviral Transduction and Cell Culture
----------------------------------------

Phoenix packaging cells ([Kinsella and Nolan 1996](#KinsellaandNolan1996){ref-type="bib"}) were transfected with retroviral constructs as described previously ([Stam et al. 1998](#Stametal1998){ref-type="bib"}) to produce culture supernatants containing virus. Then, 3 × 10^4^ GE11 or GD25 cells were infected with virus by culturing the cells for 8 h in 1 ml of cell-free Phoenix supernatant in the presence of 10 μg/ml DOTAP (Boehringer Mannheim). Cells were then cultured in fresh DME medium supplemented with 10% FCS and penicillin/streptomycin (GIBCO-BRL Life Technologies). Zeocin (0.2 mg/ml; Invitrogen) was added to the culture medium 48 h after transduction.

Expression of the β1 subunit or the IL2R-β1 chimera was determined by FACS^®^ analysis. Expression of the mutant forms of Rho-like GTPases was checked by immunoblotting as described previously ([Michiels et al. 1997](#Michielsetal1997){ref-type="bib"}), using a HRP-conjugated goat anti--mouse antibody (Amersham Pharmacia Biotech). Immunoreactive proteins were visualized using enhanced chemiluminescence as described by the manufacturer (Amersham Pharmacia Biotech).

Immunofluorescence and Flow Cytometry
-------------------------------------

Cells were grown on coverslips in DME, 10% FCS, fixed in 2% paraformaldehyde for 15 min, and permeabilized in PBS containing 0.2% Triton X-100 for 5 min. Cells were blocked in PBS, 2% BSA for 1 h, and incubated with primary antibodies for 1 h at room temperature. After washing in PBS, cells were incubated in the presence of FITC- or Texas red--conjugated secondary antibodies or in the presence of rhodamine-labeled phalloidin for 1 h. Preparations were then washed in PBS, mounted in Vectashield (Vector Laboratories Inc.), and analyzed with a confocal Leica TCS NT microscope.

For flow cytometry and cell sorting, cultured cells were trypsinized, washed twice in PBS, 2% FCS, and incubated with primary antibodies for 45 min at 4°C. Cells were then washed in PBS, incubated with FITC-conjugated secondary antibodies for 45 min at 4°C, washed again, and analyzed in a FACScan^®^ using Lysys II software (Becton Dickinson) for determination of integrin expression levels. Cells were sorted on a FACStar Plus^®^ (Becton Dickinson).

Transwell Migration Assays and In Vitro Wound Healing
-----------------------------------------------------

For the Transwell migration assay, 3 × 10^4^ or 10^5^ cells in DME, 0.5% BSA were seeded in the upper compartment of 8-μm Transwells (Costar) previously coated with 10 μg/ml fibronectin on the lower side on the filter, and allowed to migrate for 2 h at 37°C. Cells in the upper chamber were removed with a cotton swab and cells on the lower side of the filter were fixed in methanol and stained with crystal violet. The number of cells that had migrated was counted on photographs taken from the filters. For each filter, a total of three different 5-mm^2^ fields were photographed to obtain an average cell count.

For in vitro wound healing assay, cells were seeded for 2 h in DME, 10% FCS. After cell spreading, a cross was scratched in the cell monolayer to analyze wound closure and facilitate the localization of the same spot in time. Cells were photographed at the indicated time points (magnification 500×).

Detergent Solubility Assay
--------------------------

Subconfluent cell cultures were lysed for 10 min on ice in 1% Triton X-100, 50 mM Tris, pH 7.6, 150 mM NaCl, 2 mM EDTA in the presence of protease inhibitors and the lysates were centrifuged at 14,000 *g* for 15 min to obtain the soluble protein fraction. The pellet (the cytoskeletal, insoluble fraction) was resuspended in Laemmli sample buffer. For detection of total protein samples, cells were extracted with radio immunoprecipitation assay (RIPA) lysis buffer. Samples were adjusted to 50 μg of total proteins, separated by SDS-PAGE, and transferred to polyvinylidene difluoride membranes (Immobilon-P; Millipore). The membranes were incubated for 1 h with anti--pan-cadherin, anti--α-catenin, or anti--β-catenin antibodies and then further incubated for 1 h with HRP-conjugated secondary antibodies. Immunoreactive proteins were visualized using enhanced chemiluminescence.

RhoA, Rac1, and Cdc42 Activity Assays
-------------------------------------

The biochemical activity assays were performed essentially as described previously ([Sander et al. 1998](#Sanderetal1998){ref-type="bib"}). For the RhoA activity assay, a glutathione *S*-tranferase (GST) fusion protein of the Rho effector protein rhotekin ([Reid et al. 1996](#Reidetal1996){ref-type="bib"}) was employed. For the Rac1 and Cdc42 assays, we used a GST fusion protein of the binding domain PAK1b, which binds Cdc42 and Rac in the GTP-bound form only. The GST-rhotekin or GST-PAK precoupled to Sepharose-glutathione beads (Amersham Pharmacia Biotech) were used to precipitate GTP-bound RhoA, Rac1, or Cdc42 from cleared lysates of cells.

For each measurement, two T75 flasks of subconfluent GE11 or GD25 cells were lysed for 5 min at 4°C in 1% NP-40, 50 mM Tris, pH 7.4, 10% glycerol, 100 mM NaCl, 2 mM MgCl~2~, in the presence of protease inhibitors. Lysates were clarified by centrifugation and the appropriate GST fusion protein was added for 30 min at 4°C, followed by three washes in lysis buffer. The beads were boiled in Laemmli sample buffer and protein samples were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes (Millipore). The blots were probed with anti-RhoA, anti-Rac1, or anti-Cdc42 antibodies and developed by enhanced chemiluminescence.

Results
=======

Expression of β1A or β1D in β1-deficient Cells Induces the Disruption of Intercellular Adhesions and Cell Scattering
--------------------------------------------------------------------------------------------------------------------

GE11 cells were isolated from a β1 integrin subunit knockout chimeric embryo aged 10.5 d postcoitum and their ontogeny is unclear. They grow in epithelial colonies ([Fig. 1](#F1){ref-type="fig"}), contain keratin 8, no desmoplakin, and express the neural cell adhesion molecule NCAM-1. Electron microscopic studies showed that GE11 cells are polarized, have microvilli at their apical surface, and organized tight junctions, but do not assemble desmosomes (data not shown). Together, these observations suggest that GE11 cells are epithelial cells of neural origin, possibly the neuroepithelium. The previously described GD25 cells were obtained by in vitro differentiation and immortalization of β1-knockout ES cells ([Fässler et al. 1995](#N0x2990500N0x2e36130){ref-type="bib"}). GD25 cells have a more fibroblastic phenotype than GE11 cells, although they maintain intercellular adhesions ([Fig. 1](#F1){ref-type="fig"}).

We have expressed two cytoplamic splice variants of the β1 integrin subunit, β1A and β1D, in GE11 and GD25 cells, by retroviral transduction. FACS^®^ analysis revealed that 90--95% of the cells express β1 at their plasma membrane 24 h after the start of retroviral transduction (data not shown). Stable transfectants were selected with zeocin. Immunoprecipitation experiments showed that GE11 cells expressed the β3 and β5 subunits in association with αv (data not shown). GE11-β1A cells express several integrins of the β1 family, including α3β1, α5β1, α6β1, and α4β1 at low levels, but not α1β1 or α2β1 (data not shown).

Infection of cells with the empty retroviral vector (GE11- and GD25-control) did not alter the epithelial phenotype of GE11 cells or the intercellular adhesions in GD25 colonies ([Fig. 1](#F1){ref-type="fig"}). In both cell types, the expression of the β1A integrin subunit resulted in disruption of cell--cell contacts and dissociation of cell colonies. Cells originally present in epithelial cell colonies separated from them and assumed a morphology resembling that of motile fibroblasts. These morphological changes were detected as early as 24 h after the start of retroviral infection ([Fig. 1](#F1){ref-type="fig"}). Similar effects, although somewhat less pronounced, were observed after the expression into GE11 and GD25 cells of the muscle-specific β1D splice variant ([Fig. 1](#F1){ref-type="fig"}). The lower levels at which β1D was expressed (50% of those of β1A) probably account for this less pronounced phenotype.

Because the effect of β1 expression was most dramatic on intercellular adhesions in GE11 cells, we concentrated our studies on stable GE11 cells expressing β1A (GE11-β1A). The distribution of various proteins associated with the actin cytoskeleton and with intercellular adhesions was analyzed in GE11 and GE11-β1A cells ([Fig. 2](#F2){ref-type="fig"}). In GE11-control cells, actin filaments were organized in heavy peripheral bundles, which ran parallel to the outer membrane of cells at the periphery of the epithelial cell colonies. Actin filaments were also present in cortical bundles under the plasma membrane, along cell--cell boundaries, and in stress fibers at the cell basis, where they were attached to the plasma membrane at sites of focal contacts ([Fig. 2](#F2){ref-type="fig"}). In GE11-β1A cells, peripheral bundles of actin filaments were absent and stress fibers crossed the entire cell. Intercellular staining of cadherins, typical of epithelial cells, was observed in GE11-control cells, and no staining was found at the free cell border at the periphery of colonies ([Fig. 2](#F2){ref-type="fig"}). α-, β-, and γ-catenins had a similar localization (data not shown). In contrast, cadherins and catenins were more diffusely distributed over the membrane of GE11-β1A cells, and although there were some residual adherens junctions at high confluency, these proteins were also found in regions of the plasma membrane that were not in contact with other cells ([Fig. 2](#F2){ref-type="fig"}, medial plane). In GE11-control cells, vinculin was found in regions of cell--cell contacts, where it was colocalized with cadherins ([Fig. 2](#F2){ref-type="fig"}, medial plane). In contrast, although GE11-β1A cells developed cell--cell contacts at high confluency, vinculin and cadherins were not colocalized in these cells ([Fig. 2](#F2){ref-type="fig"}, medial plane). Using interference reflection microscopy, we found that the number and size of focal contacts were different in GE11-control and GE11-β1A cells (data not shown), and this was confirmed by the distribution of vinculin ([Fig. 2](#F2){ref-type="fig"}, basal plane) and talin (data not shown) at the basal surface of the cells. Typically, focal contacts were small and numerous in GE11-control cells, and distributed over the entire basal cell surface. However, at the periphery of the colonies they were more concentrated at the outer region of the cell, thus forming a characteristic interrupted ring-like structure. In GE11-β1A cells, focal contacts were thick, and appeared to be arranged in long streaks frequently found at the end of actin stress fibers ([Fig. 2](#F2){ref-type="fig"}). In confluent GE11-β1A cells, focal contacts were also found between two cells and sometimes on their apical surface, as seen by staining for talin and vinculin. Electron microscopic analysis revealed that this was likely to be due to the presence and assembly of secreted ECM proteins between cells and on their apical surface (data not shown). Another specialized membrane domain involved in intercellular adhesion of epithelial cells is the tight junction. A marker of tight junctions is ZO-1, but in cell types lacking these structures, such as fibroblasts or cardiac muscle cells, ZO-1 is colocalized with cadherins at adherens junctions ([Yonemura et al. 1995](#Yonemuraetal1995){ref-type="bib"}). Upon expression of the β1A integrin subunit, ZO-1 became redistributed from tight junctions to the adherens junctions formed by GE11-β1A cells at high confluency ([Fig. 2](#F2){ref-type="fig"}). This relocalization was correlated with the transition from polarized epithelial cells to fibroblast-like cells. Another marker of tight junctions, occludin, was also found at the apical lateral border of GE11 cells, and became diffusely distributed in GE11-β1A cells (data not shown). Furthermore, EM showed that tight junctions present in GE11-control cells were no longer present in GE11-β1A cells (data not shown).

Finally, we have found that β1 and the endogenous β3 integrin subunits were both present in focal contacts formed by GE11-β1A cells in the presence of FCS (data not shown).

In conclusion, these results show that the expression of the β1 integrin subunit in GE11 cells induces a reorganization of the actin cytoskeleton and of focal contacts, accompanied by the disruption of both cadherin-based intercellular adhesions and tight junctions in epithelial cell colonies. However, adherens junctions of the type formed by fibroblasts ([Yonemura et al. 1995](#Yonemuraetal1995){ref-type="bib"}) can assemble in the presence of β1 integrins at high cell confluency.

Disruption of Intercellular Adhesions and Cell Scattering Is Dependent on β1 Integrin--Ligand Interactions
----------------------------------------------------------------------------------------------------------

When GE11 cells were cultured on plastic in the presence of FCS, the mere expression of the β1 subunit was sufficient for inducing the disruption of intercellular adhesions and the dissociation of cell colonies. Because GE11-β1A cells express several integrins that can bind to fibronectin and vitronectin present in FCS, we investigated whether the change in morphology was due to the expression of β1 or whether it was triggered by the interaction of β1 integrins with their ligands. Although GE11-β1A cells expressed the laminin receptor α6β1, we have generated GE11 cells expressing α6β1 at higher levels by coexpression of the human α6 integrin subunit in GE11-β1A cells and by further selection by FACS^®^. The overexpression of α6 in GE11-α6β1A cells resulted in a strong decrease of the percentage of cells expressing the fibronectin receptor α5β1 as well as in a decrease of its average expression levels ([Fig. 3](#F3){ref-type="fig"} A), probably because α6 associated with most of the available β1 subunit. Although these cells could spread, they poorly scattered and developed strong cell--cell adhesions when cultured on fibronectin ([Fig. 3](#F3){ref-type="fig"} B), suggesting that the expression of all fibronectin-binding β1 integrins (α5β1 as well as αvβ1) was reduced. However, scattering was induced when they were cultured on laminin-coated dishes ([Fig. 3](#F3){ref-type="fig"} B). Together, these results indicate that the interaction of β1 integrins with their ligand is required for the disruption of cadherin-based cell--cell adhesion and cell scattering. They also show that several integrins of the β1 family, which bind to various ECM proteins (α5β1 or αvβ1 to fibronectin, and α6β1 to laminin), can trigger the described morphological transition.

Expression of IL2R-β1A Chimera Induces the Disruption of Cadherin-based Cell--Cell Adhesions and Remodels Focal Contacts
------------------------------------------------------------------------------------------------------------------------

The localization of a particular integrin in focal contacts is regulated by its α subunit and requires the binding of the integrin to ligand ([Briesewitz et al. 1993](#Briesewitzetal1993){ref-type="bib"}). In contrast, when chimeric molecules containing the extracellular and transmembrane domains of the human IL2R and the cytoplasmic domain of the β1A integrin subunit were expressed at relatively low levels, they were colocalized with endogenous integrins in focal contacts and were able to transduce signals leading to the phosphorylation of the focal adhesion kinase ([LaFlamme et al. 1992](#LaFlammeetal1992){ref-type="bib"}; [Akiyama et al. 1994](#Akiyamaetal1994){ref-type="bib"}). These properties indicate that IL2R-β1 chimerae mimic endogenous ligand-occupied integrins. We have analyzed the effects of an IL2R-β1A chimera on the morphology of GE11 cells. [Fig. 4](#F4){ref-type="fig"} shows that expression of the IL2R alone did not either alter the morphology of GE11 cell colonies or cause any changes in the subcellular distribution of actin, α-catenin, or ZO-1 ([Fig. 4](#F4){ref-type="fig"}, upper panels). Expression of the IL2R-β1A chimera, on the contrary, induced the disruption of most intercellular adhesions. A few small epithelial-like colonies remained and cell--cell adhesions had a tendency to reform, although they did not appear to be as stable as those between GE11-control cells. IL2R-β1A expression induced an alteration of the peripheral bundles of actin filaments and changes in the localization of cadherins, catenins, and ZO-1 ([Fig. 4](#F4){ref-type="fig"}, lower panels), similar to the full-length β1A subunit. In addition, the IL2R-β1A chimera promoted cell spreading and induced a redistribution of vinculin: the ring of focal adhesions at the periphery of the colonies was no longer assembled in GE11-IL2R-β1A cells and was replaced by thick and long streaks of vinculin at the base of cells. The arrows in [Fig. 4](#F4){ref-type="fig"} indicate vinculin-positive rings in cells in which IL2R-β1A was not expressed. In cells expressing IL2R-β1A, the chimera was colocalized with vinculin ([Fig. 4](#F4){ref-type="fig"}) and the endogenous β3 subunit (data not shown) in focal contacts. Together these results indicate that IL2R-β1A induces both the disruption of intercellular adhesions and the reorganization of the cytoskeleton, thus mimicking the effects of full-length β1A. Whether IL2R-β1A is primarily incorporated into β3-containing, preexisting focal adhesions and induces their remodeling, or whether it participates in the formation of new adhesion structures into which β3 is eventually recruited will be discussed.

The Expression of β1, but Not That of IL2R-β1, Enhances Cell Migration
----------------------------------------------------------------------

To quantify potential changes in the motility of GE11-β1A cells as compared with that of GE11-control cells, we have performed migration experiments using fibronectin-coated Transwells. As shown in [Fig. 5](#F5){ref-type="fig"} A, although GE11-control cells are able to migrate to some extent on this substrate, the expression of β1A strongly increased cell motility. The expression of IL2R-β1A failed to enhance cell migration in any of the conditions tested.

In addition, we tested random cell migration using an in vitro wound healing system. [Fig. 5](#F5){ref-type="fig"} B shows that GE11-β1A cells spread fast when grown under standard conditions on plastic, and that they migrate into the introduced wound. GE11-β1D cells showed similar migration kinetics (data not shown). In contrast, GE11-control cells maintained stronger cell--cell adhesions and spread and migrated more slowly.

Together, these results show that the motility of GE11-β1 cells is increased. The fact that IL2R-β1A is sufficient to trigger the disruption of intercellular adhesions, although it does not increase cell motility, indicates that cell migration is not simply the cause of the disruption of cell--cell adhesions.

Expression of β1 Integrins in GE11 Cells Induces a Decrease in Cadherin and α-Catenin Protein Levels and Their Redistribution to the Detergent-soluble Fraction
---------------------------------------------------------------------------------------------------------------------------------------------------------------

Because the expression of β1 integrins altered the integrity of intercellular adherens junctions, we compared the cadherin and α- and β-catenin protein levels as well as their detergent solubility in GE11-control, and GE11-β1A and -β1D cells. Immunoblotting of total cellular proteins revealed that GE11-β1A cells contained smaller amounts of cadherin and α-catenin than their control counterparts ([Fig. 6](#F6){ref-type="fig"}). The amount of β-catenin also appeared to be reduced in GE11-β1A and GE11-β1D cells, but to a lesser extent than the amounts of cadherin and α-catenin. Results of a detergent solubility assay, using 1% Triton X-100, indicated that the ratios between the insoluble and soluble fractions of cadherin and α-catenin were reduced in GE11-β1A cells as compared with GE11-control cells. Thus, smaller amounts of these two proteins are associated with the detergent-insoluble cytoskeletal fraction in GE11-β1A cells. Although the amount of β-catenin is reduced in GE11-β1A cells, its distribution in the cytoskeletal and soluble fractions is apparently not affected by β1 expression. This might be due to the existence of a detergent-insoluble pool of β-catenin in the nucleus of GE11-β1A cells, although we could not confirm this hypothesis by immunofluorescence.

These results indicate that β1 integrins might cause the disruption of intercellular adhesions by inducing a downregulation of cadherin and/or catenin function. Moreover, immunofluorescence studies performed on cells that were first permeabilized in Triton X-100 and subsequently fixed in paraformaldehyde showed stainings for cadherins and catenins similar to those obtained with paraformaldehyde-fixed cells without prior solubilization (data not shown). This suggests that the redistribution of cadherins and α-catenin from the Triton-insoluble to the -soluble fraction upon β1 expression is due to a reduced number of cell--cell adhesions rather than a decrease in their rigidity.

Overexpression of α-Catenin in GE11 Cells Prevents the Morphological Change Induced by β1 Integrins
---------------------------------------------------------------------------------------------------

By providing a link between cadherin complexes and the cytoskeleton, α-catenin plays a major role in the establishment and maintenance of cadherin-based adhesions ([Rödiger 1998](#N0x2990500N0x2e36e50){ref-type="bib"}). Moreover, α-catenin has been implicated in the formation of tight junctions ([Watabe-Uchida et al. 1998](#Watabe-Uchidaetal1998){ref-type="bib"}). Because we have found that both the protein level and the detergent solubility of α-catenin were affected by β1 integrins in GE11 cells, we have investigated the role of this protein in the β1-induced phenotypic changes. First, α-catenin was retrovirally overexpressed in GE11 cells (GE11--α-catenin cells). The effect of subsequent β1 expression in GE11--α-catenin cells was less pronounced than in GE11 cells or in cells previously transduced with the empty LZRS vector. Several clones were isolated in which the expression of β1 and α-catenin was analyzed by FACS^®^ and immunoblotting, respectively. [Fig. 7](#F7){ref-type="fig"} shows the results obtained with three of them. The expression levels of α-catenin were higher in GE11-control cells and in cells from clones 3, 4, and 9, than in GE11-β1A cells ([Fig. 7](#F7){ref-type="fig"} A). In addition, β-catenin and cadherin protein levels were greater in GE11-control cells and in the three GE11--α-catenin--β1A clones than in GE11-β1A cells. Thus, when α-catenin is overexpressed in GE11 cells, protein levels of β-catenin and cadherin are not decreased by the expression of β1 integrins.

Although the surface expression levels of β1 integrins in clones 3 and 9 were similar to those in GE11-β1A cells ([Fig. 7](#F7){ref-type="fig"} B), cells from these clones remained clustered in epithelial cell colonies ([Fig. 7](#F7){ref-type="fig"} C), indicating that overexpression of α-catenin prevented the β1-induced morphological change. In spite of β1 expression, cells from clone 9 exhibited the peripheral bundles of actin filaments and the vinculin-positive ring found in GE11-control cells but not in GE11-β1A cells. In addition, these cells presented well-developed intercellular adhesions containing both vinculin and cadherins ([Fig. 7](#F7){ref-type="fig"} D). However, results obtained with clone 4 showed that a further increase of β1 levels could overcome the inhibitory effect of α-catenin and allow cell scattering.

These results suggest that there is a tight balance between intercellular adhesion and β1-mediated attachment to ECM proteins, which can be regulated at the level of α-catenin.

Expression of β1 Integrins Induces Activation of RhoA and Rac1
--------------------------------------------------------------

Small G proteins of the Rho family are involved in the regulation of the actin cytoskeleton, the turnover of focal adhesions, in cell migration, and in the assembly of intercellular adhesions ([Mackay and Hall 1998](#MackayandHall1998){ref-type="bib"}). Therefore, we have studied their role in the cell scattering induced by β1 integrins. GST-rhotekin and GST-PAK fusion proteins were used to precipitate the active form (GTP-bound) of RhoA, and of Rac1 and Cdc42, respectively, from cell lysates of stably transfected GE11 cells expressing either β1A, β1D, IL2R, or IL2R-β1A. The total amounts of GTPases (guanosine diphosphate (GDP)- and GTP-bound) were measured in parallel in the same lysates. Increased amounts of GTP-RhoA were precipitated from the lysates of cells expressing either β1A or β1D, when compared with vector controls ([Fig. 8](#F8){ref-type="fig"}). Experiments performed with transduced GD25 cells confirmed the activation of RhoA by β1A, and to a lesser extent, by the β1D integrin splice variant. Similarly, the expression of either splice variant of the β1 integrin subunit induced the activation of Rac1 in both GE11 and GD25 cells. [Fig. 8](#F8){ref-type="fig"} also shows that the activation of RhoA and Rac1 mediated by IL2R-β1A was less efficient than that observed with full-length β1A. Finally, in contrast to RhoA and Rac1, the activity of Cdc42 was not significantly increased upon expression of β1 integrins. These data demonstrate that expression of either the β1A or the β1D integrin splice variant activates RhoA and Rac1 in both GE11 and GD25 cells.

Dominant Negative Mutants of Small G Proteins of the Rho Family Inhibit and Reverse the β1-Induced Phenotypic Changes and Migration
-----------------------------------------------------------------------------------------------------------------------------------

Next, we investigated whether the activation of RhoA and Rac1 is required for the phenotypic conversion induced by β1 integrins. We first transduced dominant negative mutants of RhoA, Rac1, and Cdc42 in GE11 cells, and 2 d later, we introduced β1A. Because the same retroviral vector was used for both proteins, the clones expressing β1A could not be selected with antibiotics. Therefore, we isolated the cells expressing β1 at high levels by FACS^®^ analysis and sorting. In the second step, several individual clones were isolated from this β1-positive cell population. The expression of both N17Rac1 ([Fig. 9](#F9){ref-type="fig"} A) and β1 (data not shown) was finally measured in these clones. We show that even when β1 was strongly expressed at the cell surface, substoichiometric amounts of N17Rac1 inhibited the disruption of cell--cell adhesion and cell scattering ([Fig. 9](#F9){ref-type="fig"} B). It has been reported previously that amounts of RhoA or Rac1 mutants well below those of endogenous RhoA and Rac1 levels caused changes in the cellular organization ([Jou and Nelson 1998](#JouandNelson1998){ref-type="bib"}), presumably because their ability to rapidly bind and dissociate from guanine-exchange factors is impaired by the mutation. The β1-positive clones that displayed a more fibroblast-like phenotype did not express N17Rac1 at detectable levels (data not shown). [Fig. 9](#F9){ref-type="fig"} C shows that N17Rac1 was associated with the entire plasma membrane of GE11-N17Rac1-β1A cells, but that it was especially concentrated in regions of cell--cell contacts. Cadherins and catenins remained present in intercellular junctions ([Fig. 9](#F9){ref-type="fig"} C). Pictures taken at both the basal and medial plane of the cell show that the β1A subunit was found in both focal contacts and in regions of cell--cell contacts ([Fig. 9](#F9){ref-type="fig"} C). This indicates that N17Rac1 prevented β1-mediated disruption of cadherin-based adhesion and further scattering.

We have not been successful in isolating GE11 clones expressing detectable levels of dominant negative forms of RhoA and Cdc42, probably because these constructs have a toxic effect. This was most obvious for N19RhoA, of which expression induced cell rounding and detachment 2 d after the retroviral transduction. Therefore, we followed another approach in which the dominant negative mutants were expressed subsequently to the β1 integrin subunit. All three RhoA, Rac1, and Cdc42 mutants inhibited cell scattering, but the morphology of the cells in the colonies was different from that of untransfected GE11 cells ([Fig. 10](#F10){ref-type="fig"} A). In particular, the morphology of the cells in which N17Rac1 had been expressed after β1 was clearly different from that of the cells that were first retrovirally transduced with N17Rac1 (compare with [Fig. 9](#F9){ref-type="fig"} B). The expression of all three mutants N19RhoA, N17Rac1, and N17Cdc42 in GE11 cells subsequent to β1 correlated with the localization of cadherins (data not shown), α-catenin, and vinculin at cell--cell junctions (see [Fig. 10](#F10){ref-type="fig"} B for the GE11-β1A-N17Rac). The inhibition of cell scattering was directly dependent on the amount of dominant negative GTPases: cells expressing N19RhoA, N17Rac1, or N17Cdc42 at high levels formed islands, whereas cells with low expression levels maintained a fibroblastic morphology and remained scattered ([Fig. 10](#F10){ref-type="fig"} B). As a control, immunofluorescence staining for β1 ([Fig. 10](#F10){ref-type="fig"} B) and FACS^®^ analysis (data not shown) demonstrated that the inhibition of cell scattering by dominant negative mutants of the Rho-like GTPases was not due to a decrease in the levels of surface expression of β1 integrins. Finally, we have found that both N17Rac1 and N17Cdc42, but not N19RhoA, were enriched at cell--cell contacts ([Fig. 10](#F10){ref-type="fig"} A). This localization of N19RhoA ([Jou and Nelson 1998](#JouandNelson1998){ref-type="bib"}) and N17Rac1 ([Takaishi et al. 1997](#Takaishietal1997){ref-type="bib"}; [Jou and Nelson 1998](#JouandNelson1998){ref-type="bib"}) in epithelial cells has been described previously.

It is now well-established that RhoA plays a role in actin stress fiber and focal contact formation ([Mackay and Hall 1998](#MackayandHall1998){ref-type="bib"}). As expected, strong expression of N19RhoA inhibited the formation of actin stress fibers in GE11 cells ([Fig. 11](#F11){ref-type="fig"}). Moreover, in those cells that developed stable intercellular adhesions, vinculin remained diffusely distributed, indicating that focal contact formation is inhibited by N19RhoA ([Fig. 10](#F10){ref-type="fig"}, lower panel). These results suggest that under conditions in which the formation of stress fibers and focal contacts is inhibited by N19RhoA, GE11-β1A cells can still form intercellular adhesions.

To determine whether the activation of Rac1 or RhoA by β1 integrins was sufficient for inducing the morphological change, dominant active mutants of RhoA (V14RhoA) or Rac1 (V12Rac1) were retrovirally expressed in GE11 cells. Although V14RhoA cells appeared to be more contracted and V12Rac1 cells displayed larger lamellipodia, neither of the constitutively active mutants separately nor when they were combined induced cell scattering (data not shown). Taken together, these results suggest that Rac, RhoA, and Cdc42 are required but not sufficient for the morphological changes induced by the expression of the β1A integrin subunit.

Discussion
==========

In this study we have shown that the expression of either β1A or β1D integrin splice variants in two different β1-deficient cell lines, GE11 and GD25 cells, induces the disruption of intercellular adhesions followed by cell scattering. This phenotypic conversion, which depends on the interaction of β1 integrins with their respective ligands, is accompanied by the reorganization of the actin cytoskeleton and of focal contacts, and an increased ability of cells to migrate. However, loss of cell--cell adhesions and the reorganization of the cytoskeleton does not require cell migration, since the expression of an IL2R-β1A chimera had both these effects on cell morphology without stimulating cell motility.

Disruption of cell--cell adhesions by β1 integrins was correlated with a decrease in cadherin and α-catenin protein levels and with their redistribution from the cytoskeleton-associated fraction to the soluble fraction. When the levels of α-catenin were increased in GE11 cells by retroviral transduction, the β1-induced phenotypic changes did not occur, suggesting an important role for this catenin in the regulation of cadherin-based adhesions by β1 integrins.

We have also found that the activity of RhoA and Rac1, but not that of Cdc42, was enhanced upon expression of β1A, β1D, or IL2R-β1A in both GE11 and GD25 cells. These findings suggest that activation of these two Rho-like GTPases by β1 integrins contributes to the loss of cell--cell adhesions. Indeed, expression of either N17Rac1 or N19RhoA prevented the morphological transition induced by β1 integrins. However, additional β1-induced intracellular signals are required for the phenotypic change, since constitutively active mutants of either RhoA or Rac1 or both could not induce the disruption of cell--cell contacts in GE11 cells.

Effects of the Interaction of β1 Integrins with Their Respective ECM Ligands
----------------------------------------------------------------------------

The β1-deficient GD25 cells, which have been described previously as fibroblast-like cells ([Wennerberg et al. 1996](#Wennerbergetal1996){ref-type="bib"}), develop intercellular adhesions but scatter upon expression of the β1 integrin subunit. GE11 cells, on the other hand, displayed several features of a simple epithelium, including their morphology, polarization, the presence of apical microvilli and tight junctions, and the expression of keratin-8. Both adherens and tight junctions were disrupted upon the expression of full-length β1A. The interaction of β1 integrins with their ECM ligand appeared to be required for the disruption of cell--cell adhesions, since GE11 cells expressing α6β1 as the major β1 integrin, scattered only when laminin-1 was provided as a substrate.

The IL2R-β1A chimera is distributed to focal contacts, triggers phosphorylation signals independently of binding to the ligand, and functions as a constitutively active integrin when expressed at relatively low levels ([LaFlamme et al. 1992](#LaFlammeetal1992){ref-type="bib"}, [Akiyama et al. 1994](#Akiyamaetal1994){ref-type="bib"}). The expression of IL2R-β1A in GE11 cells caused the disruption of intercellular adhesions and a dramatic reorganization of the ECM cell adhesion structures, similar to those induced by the intact β1 subunit. The characteristic ring of focal contacts at the periphery of the colonies of GE11 cells was replaced by more prominent, streak-like focal adhesions in which IL2R-β1A was colocalized with β3 integrins. The incorporation of IL2R-β1A into preexisting, β3-containing focal contacts, might lead to the recruitment of larger amounts and/or other cytoskeletal proteins, ultimately causing the remodeling of these adhesion structures. However, it is also possible that IL2R-β1A participates in the formation of complexes of cytoskeletal proteins at the basal membrane in a ligand-independent manner. β3 integrins could eventually be incorporated in these complexes and stabilize them by interactions with ECM proteins. Such ligand-independent formation of cytoskeletal complexes by the cytoplasmic domain of integrins have been reported previously ([Martin-Bermudo and Brown 1996](#Martin-BermudoandBrown1996){ref-type="bib"}; [Homan et al. 1998](#Homanetal1998){ref-type="bib"}; [Nievers et al. 1998](#Nieversetal1998){ref-type="bib"}). Although the expression of IL2R-β1A led to the disruption of intercellular adhesions, it did not promote cell migration, probably because the ligand-binding domain of the β1 integrin subunit is not present in the chimera. This indicates that the disruption of cell--cell adhesion is not merely the consequence of the stimulated cell migration.

In many epithelial cells, and in particular those forming desmosomes, the mere expression of β1 integrins is not sufficient to induce cell scattering. However, it has been shown previously that specific ECM--integrin interactions may lead to such changes in MDCK cells ([Sander et al. 1998](#Sanderetal1998){ref-type="bib"}). In addition, EMT, which occurs during normal development and in epithelial tumorigenesis, is often correlated with an increase in the expression of β1 integrins and functional studies using inhibitory antibodies or chimeric proteins containing the cytoplasmic domain of β1 have indicated a role for these receptors in EMT ([Monier-Gavelle and Duband 1997](#Monier-GavelleandDuband1997){ref-type="bib"}; [Weaver et al. 1997](#Weaveretal1997){ref-type="bib"}; [Faraldo et al. 1998](#Faraldoetal1998){ref-type="bib"}; [Kil et al. 1998](#Kiletal1998){ref-type="bib"}). We show here that expression of the β1 integrin subunit induces an EMT-like transition in GE11 cells. However, it is likely that β1 integrins are involved in some but not all stages of EMT, because keratin 8, an epithelial marker, remained expressed in GE11-β1 cells, whereas vimentin, a mesenchymal marker, was expressed in both GE11-control and GE11-β1 cells (data not shown).

[Monier-Gavelle and Duband 1997](#Monier-GavelleandDuband1997){ref-type="bib"} have suggested previously that β1 integrins are not involved in the regulation of cadherin activity during EMT of neural crest cells. Rather, they might potentiate αvβ3-mediated cell migration by an unknown mechanism. In contrast, our results suggest a requirement for β1-mediated effects for the regulation of cadherin activity, at least in some cell types. αvβ3 has been shown previously to be involved in cell migration, and it is not clear why it does not efficiently support the motility of GE11 cells, given the strong homology between the cytoplasmic domains of β1 and β3 subunits. One possibility could be that the surface levels of αvβ3 are too low to induce migration.

What Are the Molecular Mechanisms Responsible for the Disruption of Intercellular Adhesions Induced by β1 Integrin Clustering?
------------------------------------------------------------------------------------------------------------------------------

Our results suggest that a decrease in cadherin and α-catenin protein levels, together with their redistribution from the cytoskeleton-associated, Triton X-100--insoluble to the -soluble fraction play a major role in the β1-induced phenotypic changes. This was further supported by our finding that high levels of α-catenin expressed by retroviral transduction could inhibit cell scattering. Cadherin protein levels were increased in GE11--α-catenin--β1A cells as compared with those in GE11-β1A cells, probably because overexpression of α-catenin stabilizes cadherin-based adhesions and prevents protein degradation. In addition, because α-catenin is also involved in the formation of tight junctions between epithelial cells ([Watabe-Uchida et al. 1998](#Watabe-Uchidaetal1998){ref-type="bib"}), its downregulation by β1 integrins might be responsible for the disassembly of these structures between GE11 cells.

Although our results clearly show that intercellular adhesions can be regulated by β1 integrins via α-catenin, the molecular mechanisms of this regulation remain to be elucidated. Integrin ligation triggers multiple intracellular events, among them the activation of various protein kinases ([Howe et al. 1998](#Howeetal1998){ref-type="bib"}). Although the physiological relevance of catenin phosphorylation in the regulation of adherens junction has been questioned previously ([Takeda et al. 1995](#Takedaetal1995){ref-type="bib"}), other studies have shown that changes in catenin phosphorylation correlated with the regulation of cadherin-based adhesions (for reviews see [Daniel and Reynolds 1997](#DanielandReynolds1997){ref-type="bib"}; [Monier-Gavelle and Duband 1997](#Monier-GavelleandDuband1997){ref-type="bib"}; [Serres et al. 1997](#Serresetal1997){ref-type="bib"}; [Calautti et al. 1998](#Calauttietal1998){ref-type="bib"}; [Ozawa and Kemler 1998](#OzawaandKemler1998){ref-type="bib"}; [Soler et al. 1998](#Soleretal1998){ref-type="bib"}). We have not observed any changes in the tyrosine phosphorylation of catenins in GE11-β1A stable transfectants versus GE11-control cells (our unpublished data). Phosphorylation generally occurs on β- and γ-catenins and not on α-catenin, leading to their dissociation from the cytoskeleton. However, if the disruption of intercellular adhesions by β1 integrins would be the result of β- or γ-catenin phosphorylation, we would not expect that α-catenin could compensate for such an effect, which suggests another type of regulation by β1 integrins. It is also possible that β1-induced phosphorylation of α-catenin-binding proteins other than β- or γ-catenin contributes to the disruption of intercellular adhesions.

Alternatively, overexpression of α-catenin might stabilize adherens junctions by compensating for the redistribution of structural proteins. While many components of intercellular adherens junctions and focal contacts are specific to one or the other structure, other proteins such as vinculin and α-actinin, are found in both complexes. Previous studies have suggested that α-actinin and vinculin play an important role in the establishment and maintenance of intercellular adhesions. Notably, vinculin, which shares homology with α-catenin ([Rödiger 1998](#N0x2990500N0x2e36e50){ref-type="bib"}), mediates anchorage of the cadherin complexes to the actin cytoskeleton in certain cell types by direct binding to β-catenin ([Hazan et al. 1997](#Hazanetal1997){ref-type="bib"}). In addition, the binding of vinculin to α-catenin might provide alternative and possibly stronger links between cadherins and the actin cytoskeleton ([Weiss et al. 1998](#Weissetal1998){ref-type="bib"}). The redistribution of vinculin from adherens junctions to well-developed focal contacts that we observed in GE11 cells upon β1 expression might thus contribute to the disassembly of cell--cell adhesions and overexpression of α-catenin might compensate for this redistribution. However, this hypothesis implies that the amount of vinculin in the cell is a limiting factor, which does not seem to be the case, since it was found to reassociate with intercellular junctions in GE11--α-catenin--β1A cells.

Our data show that in addition to α-catenin, Rho-like small G proteins also play a major role in the regulation of cell scattering by β1 integrins. Recently, cell adhesion was found to regulate the activity of RhoA ([Ren et al. 1999](#Renetal1999){ref-type="bib"}) and that of the Rac1 and Cdc42 downstream effector, PAK ([Price et al. 1998](#Priceetal1998){ref-type="bib"}). We show in this report that the stable expression of β1A or β1D in either β1-deficient GE11 or GD25 cells induces an increase in RhoA and Rac1 activity that is correlated with enhanced cell motility. That the stimulation of RhoA and Rac1 activity by IL2R-β1A does not correlate with increased cell migration is due to the absence of the ligand-binding domain of the β1 integrin subunit in the IL2R-β1A chimera. Results of experiments performed with dominant negative mutants of RhoA, Rac1, and Cdc42 indicated that all three GTPases are involved in GE11 cell scattering induced by β1 expression. In addition, our data confirm previous findings that Rho-like GTPases regulate the formation of focal contacts and focal complexes ([Hotchin and Hall 1995](#HotchinandHall1995){ref-type="bib"}; [Clark et al. 1998](#Clarketal1998){ref-type="bib"}). Together, these results indicate that RhoA and Rac1 act simultaneously upstream and downstream of integrins, and that positive feedback mechanisms probably regulate the relationship between integrins and Rho-like GTPases.

The finding that β1 integrin--mediated adhesion activates both RhoA and Rac1 is consistent with the changes in the organization of the cytoskeleton and in cell behavior that we have observed in GE11 cells. Upon β1 expression, GE11 cells developed extensive lamellipodia and started to migrate. Whereas Rac1 stimulates the formation of lamellipodia and small focal complexes at the leading edge of migrating cells, RhoA stimulates the formation of new focal contacts and regulates the interaction of myosin-based motors with actin filaments to generate contractile forces required for cell motility. Although previous work suggested that cell adhesion induces the activation of the Cdc42 and Rac downstream effector PAK ([Price et al. 1998](#Priceetal1998){ref-type="bib"}), β1 integrins did not significantly activate Cdc42 in our cells. Nevertheless, basal levels of Cdc42 activity seem to be required for scattering of GE11 cells, since expression of N17Cdc42 in GE11-β1 cells inhibited their scattering and partially restored intercellular adhesions. A role for Cdc42 in cell migration has been documented for correct cell polarization during migration, but not for random migration ([Allen et al. 1998](#Allenetal1998){ref-type="bib"}; [Nobes and Hall 1999](#NobesandHall1999){ref-type="bib"}). Alternatively, the effects of N17Cdc42 might be mediated by unspecific inhibition of the Rac1 signaling pathway, by binding to guanine-nucleotide exchange factors common to both Rac1 and Cdc42.

Immunofluorescence microscopy revealed that cadherins and catenins are redistributed to intercellular adherens junctions in GE11-β1A cells upon expression of dominant negative mutants of RhoA, Rac1, and Cdc42. This indicates that in these cells, Rho-like GTPases are not strictly required for the assembly of cadherin-based adhesions. These observations are in contrast to previous studies that reported decreased staining intensity of cadherins and catenins induced by N17Rac1 or the RhoA inhibitor C3 in keratinocytes ([Braga et al. 1997](#Bragaetal1997){ref-type="bib"}), MDCK cells ([Takaishi et al. 1997](#Takaishietal1997){ref-type="bib"}), and a mammary epithelial cell line ([Zhong et al. 1997](#Zhongetal1997){ref-type="bib"}). However, other investigators showed that dominant negative mutants of Rho-like GTPases affect cadherin distribution in MDCK at low, but not at high cell density ([Jou and Nelson 1998](#JouandNelson1998){ref-type="bib"}). Finally, inhibition of these GTPases had no effect on the organization of adherens junctions in intestinal epithelial cells ([Nusrat et al. 1995](#Nusratetal1995){ref-type="bib"}).

These discrepancies might reflect specific regulation mechanisms in different cell types, but also different methods used for the expression of dominant negative mutants, i.e., microinjection of recombinant proteins versus inducible expression systems. An explanation we favor is that the amounts of dominant negative mutants of Rho-like GTPases expressed by retroviral transduction are sufficient to prevent the migration of cells derived from the originally transduced single cell, which results in the formation of small epithelial-like colonies but still allows cell--cell contacts to be formed.

When expressed before β1, N17Rac1 was able to prevent GE11 cell scattering. Expression of N17Rac1 did not appear to affect the distribution of cadherins and catenins, and cells remained tightly attached to each other even in the presence of high levels of β1. This suggests that Rac1 activation is required not only for cell migration but also for the disruption of cadherin-based adhesions in these cells. However, expression of either constitutively active RhoA, Rac1, or their simultaneous expression was not sufficient for dissociating the cells in GE11 colonies, suggesting that β1 integrins trigger additional types of signals involved in the disruption of cell--cell adhesions. Moreover, the phenotypic reversion induced by the dominant negative mutants of small GTPases was only partial, and the morphology of both cells and colonies was different from that of control GE11 cells. This suggests either that the prior expression of β1 integrins induces irreversible morphogenetic events or that β1 integrins continue to transduce GTPase-independent signals that modify the cell phenotype.

In conclusion, we have shown that the expression of β1 integrins in two different β1-deficient cell lines downregulates intercellular adhesions and stimulates cell scattering by inducing intracellular events involving both α-catenin and Rho-like GTPases. Further studies are now in progress to elucidate the molecular mechanisms underlying this regulation.
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![Morphological changes induced by the expression of β1A or β1D in GE11 and GD25 cells. GE11 and GD25 cells were transduced with either the empty LZRS vector (GE11-control and GD25-control), the LZRS vector coding for the full-length β1A (GE11-β1A and GD25-β1A), or full-length β1D integrin splice variant (GE11-β1D and GD25-β1D). Photographs of cells stably expressing β1A or β1D were taken by phase-contrast microscopy after zeocin selection.](JCB9905086.f1){#F1}

![Distribution of F-actin and various adhesion structures in GE11-control and GE11-β1A cells. Cells were grown for 2 d on glass coverslips, and after fixation and Triton X-100 permeabilization, stained as indicated for F-actin with rhodamine-labeled phalloidin or double-stained for β1A and F-actin, vinculin and cadherin, vinculin and F-actin, and ZO-1 and F-actin. Cells were visualized by confocal laser-scanning microscopy. Basal and medial focus planes are as indicated. Bar, 20 μm.](JCB9905086.f2){#F2}

![Scattering of GE11 cells is dependent on β1 integrin-ligand interaction. (A) Expression of β1, α5, and α6 integrin subunits in GE11-β1 and GE11-α6β1 cells overexpressing the α6β1 integrin, as determined by FACS^®^ analysis. Both the percentage of cells expressing the different subunits and their expression levels in positive cells in mean fluorescence (arbitrary units) are indicated. (B) Phase-contrast microscopy of GE11-α6β1 grown on plastic in the presence of FCS (FN/VN) or on laminin-1 substratum (LN-1).](JCB9905086.f3){#F3}

![Expression of IL2R-β1A induces the disruption of cadherin-based intercellular adhesions, and increases the size of focal contacts in GE11 cells. Stably transduced GE11-IL2R and GE11-IL2R-β1A cells were grown for 2 d on glass coverslips, and after fixation and Triton X-100 permeabilization, analyzed by double immunofluoresence for the expression of either IL2R together with F-actin (revealed by staining with rhodamine-phalloidin), α-catenin, vinculin, or cadherin, or for the expression of ZO-1 together with F-actin. Arrows indicate IL2R-β1A--negative cells that exhibit a vinculin-positive ring of focal contacts. Bars, 20 μm.](JCB9905086.f4){#F4}

![(A) Expression of β1A, but not that of IL2R-β1A, enhances GE11 cell migration through fibronectin-coated Transwell filters. Fibronectin was coated on the lower side of the filter, and 3 × 10^4^ or 10^5^ cells were seeded in the upper compartment of the Transwell, after which cells were allowed to migrate for 2 h. Cells that remained on the upper side of the filter were removed by washing, and cells that had migrated to the lower side of the filter were fixed and stained with crystal violet. Cells were counted on photographs taken from three different fields (5 mm^2^) and the results were averaged. Error bars represent SEMs. (B) Scratch assay of GE11-control and GE11-β1A cells. Cells were seeded at high density on plastic under standard culture conditions for 2 h. Subsequently, a cross was scratched to facilitate the marking of the cells. Phase-contrast micrographs were taken at the indicated timepoints. The white bars represent the progression of migrating cells.](JCB9905086.f5){#F5}

![Expression of cadherin, α-, and β-catenin and their association with the cytoskeleton is reduced in GE11-β1A and GE11-β1D cells as compared with that in GE11-control cells. Cadherin and catenin Triton X-100 solubility was assayed on immunoblots containing proteins (50 μg protein) from total cell lysates and from 1% Triton X-100--soluble (S) and -insoluble (I) fractions of GE11-control, GE11-β1A, and GE11-β1D cells. Immunoblots were probed for pan-cadherin, α-catenin, and β-catenin.](JCB9905086.f6){#F6}

![Overexpression of α-catenin prevents the morphological change induced by β1 integrins. (A) Immunoblot analysis showing the levels of α-, β-catenin, and cadherins in cell lysates (50 μg protein) prepared from GE11 control cells, three GE11--α-catenin cell clones stably expressing β1A (GE clones 3, 4, and 9), and GE11-β1A cells. (B) Cell surface expression of β1 on the same cells as above. Flow cytometry analysis of cells was carried out with the TS2/16 anti-β1 mAb, followed by incubation with FITC-conjugated anti--mouse IgG. (C) Phase-contrast microscopy of GE11--α-catenin--β1A cell clones. Clones 3 and 9 exhibit an epithelial phenotype, whereas clone 4 appeared more fibloblast-like. (D) Double-immunofluorescence staining of GE11--clone 9 cells. Cells were fixed and immunostained for β1A and F-actin and for vinculin and cadherin. Basal and medial focal planes are as indicated. Bar, 20 μm.](JCB9905086.f7){#F7}

![Expression of β1 integrins in GE11 and GD25 cells activates RhoA and Rac1 but not Cdc42. Lysates of GE11 and GD25 cells expressing either the control vector alone, β1A, β1D, IL2R, or IL2R-β1A were incubated with GST-rhotekin fusion protein for the RhoA assay, or with GST-PAK fusion protein for the Rac1 and Cdc42 assays. The presence of active, GTP-bound RhoA, Rac1, or Cdc42 was analyzed by immunoblotting. Total amounts of RhoA, Rac1, and Cdc42 were determined in total cell lysates.](JCB9905086.f8){#F8}

![Dominant negative Rac1 (N17Rac1) prevents the disruption of intercellular adhesions and cell scattering induced by β1 integrins. (A) Total amounts of endogenous Rac1 in GE11-control, GE11-β1A, and of Rac1 and N17Rac1 in GE11-N17Rac1-β1A cells were determined by immunoblotting. Blots were probed with anti-Rac1 mAb. The open arrow indicates myc-N17Rac1 and the closed arrow indicates endogenous Rac1. (B) Phase-contrast microscopy of GE11-N17Rac1-β1A cells. (C) Immunofluorescence staining of GE11-N17Rac1-β1A cells for expression of myc epitope-tagged N17Rac1, β-catenin, and β1 integrins. Basal and medial focal planes are as indicated. Bar, 20 μm.](JCB9905086.f9){#F9}

![Expression of dominant negative mutants of Cdc42 (N17Cdc42), Rac1 (N17Rac1), or RhoA (N19RhoA) in GE11-β1A cells inhibits cell scattering and partially restores cadherin-based cell--cell adhesions. (A) Phase-contrast and fluorescence micrographs of GE11-β1A cells expressing either N17Cdc42, N17Rac1, or N19RhoA. Cells were photographed 3 d after infection. Double-immunofluorescence staining of cells was for myc-tagged N17Cdc42, N17Rac1, and N19RhoA using anti-myc mAb and rhodamine-phalloidin for detection of F-actin distribution. (B) Double-immunofluorescence staining of GE11-β1A-N17Rac1 cells. GE11-β1A cells were grown on coverslips and N17Rac1 was introduced by retroviral transduction. 3 d after infection, cells were fixed and analyzed by double-immunfluoresence for expression of myc-tagged N17Rac1 together with either vinculin, β1A, or α-catenin. Basal and medial focal planes are as indicated. Arrows indicate the localization of vinculin or β1 in N17Rac1-positive cells. Bar, 20 μm.](JCB9905086.f10){#F10}

![Loss of actin stress fibers and focal contacts in GE11-β1A cells expressing N19-RhoA. Double-immunofluorescence staining of GE11-β1A cells, 3--4 d after N19RhoA retroviral transduction. Cells were fixed and double-stained for either myc-tagged N19RhoA (upper panels) or vinculin (lower panels) with F-actin. Note that the cluster of four cells in the upper panels that express N19RhoA at high levels does not exhibit actin stress fibers, in contrast to the cells expressing no or little N19RhoA. The cluster of seven cells shown in the lower panels displays no vinculin-positive focal contacts. Basal and medial focal planes are as indicated. Bar, 20 μm.](JCB9905086.f11){#F11}
